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Axial and peripheral eye length measured with optical
low coherence reflectometry
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a beam deflection mechanism that allows the precise measurement of
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vertically from the fovea. The validity of this instrument and its revised
software is evaluated by measuring the reproducibility of axial length
results in an adult eye and an artificial eye, and by correlating axial
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tained with adult subjects is compared with that obtained with chil-
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1 Introduction contrast, PCl and LDI are based on a dual-beam interferom-
eter, which uses the cornea as a reference reflector and mea-
sures distances with respect to the cornea. They permit the

traocular lens power during cataract management and in myo_measurement of distances both within and between corneal

pia research. Off-axis eye length measurement is also impor-fJInOI rr]etmal surqfaceﬁ ?]nd hgncle the (_jeterdmlnatlon .Of e?/e
tant, given recent interest in retinal contour or eye shape and'€"9th. even though the typical scanning distance is only

the role these factors may play in the development of about 5 mm, is apprqximately the same as that of O.CT' Eye
myopia~* The standard technique for the determination of shape can be determined by meas g eye length in the pe-
eye length at present is A-scan ultrasound, which has a maxi-'",phery usmgs off-axis fixation targets™*“or a lateral scan-
mum precision of only 10gm (0.1 mm, but this precision is ning systent® The use of the cornea as a reference reflector
often considerably poorer in clinical setting$In contrast, makes these measurement tgchnlques insensitive to longitudi-
optical technigques such as optical coherence tomography_nal eye m°"e”.‘e”t_s or the_dlst{:\nce between the eye and the
(OCT),”® partial coherence interferometr§PCl)°>-1 laser instrument, which is especially important for follow-up mea-
Dopplér interferometryLDI),*23 and optical |0W' coherence  Surements. However, the intensity of the corneal reference
reflectometry(OLCR)** havé become popular because they reflection is low(~2% assuming a tear film refractive index
offer greater precision, often on the order of 3-2@. These of 1.33 compared with the intensity of the OCT reference

- P . : . i 0 -
techniques analyze the intensity of interference fringes cre- P€am reflected from an external mirr@iose to 100% reflec
ated by the superposition of partially coherent light reflected tion)- Because the mean square signal photocuritis a

from the ocular surfaces and a reference surface. Comparedtnction of the optical powelPr incident upon the photo
with ultrasound, they measure axial, intraocular distances detector reflected from the reference arm as illustrated in Eq.

with a higher precision and do not require any contact with (1) Wherep is the detector’s responsivity;rﬁps is the optical

the eye. power backscattered from the samfi€|§) is considerably
OCT is based on a single-beam interferometer; it measureslower in the dual-beam PCI/LDI setup than in the single-beam

axial distances with respect to an external reference mirror OLCR setup.

and typically has a longitudinal scanning distance of a few

millimeters. It is designed to assess distances between ocular (13 =2p?PgPs. (D

surfaces at either the posterior or anterior areas in the eye, but

not between corneal and retinal surfaces, because their sepa- The main noise sources expressed in terms of the photo-

ration exceeds the usual scanning distance. Thus OCT can beurrent variancer? are o2, (receiver noisg o2, (shot noisg,

used to produce high-resolution two-dimensional cross- and o2, (excess photon noiseBecauser, and o2, are pro-

sections of images of the retina or the anterior ocular segment.

However, it does not allow the determination of eye length. In 1083-3668/2003/$15.00 © 2003 SPIE

The precise and accurate determination of axial eye length is
a critical parameter in the preoperative calculation of in-
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portional to the electronic detection bandwidth B, the signal- [epF Hrws|HamP)
to-noise ratio(SNR), defined asSNR=(13)/0?, is inversely . E

proportional to B Compared with a single-beam interferom- ‘

eter, the power output of the optical source must be increased NDOM ;E:B:’ D
in a dual-beam interferometer—thereby augmenting (a=85m) ——

(13—and/or B must be decreased, for example by narrowing "-'-'-'-'-'-'-'-§ """ HHEEBSC
M o aa,
L

the electronic bandpass filtéBPF or lowering the scanning ) :
speed—thereby decreasimg—in order to achieve an SNR Glass Cubs ™2 <:> i

that permits the detection of the interference signal corre- (lengitudinal i PBSC,
sponding to the reflection from the retina. Measuring eye  S°@ing) M% : EVE
length with dual-beam interferometry suffers from the draw- L=
back that the wavefronts that are superimposed for interfer- PB;‘( /
ence are mismatched. The beam reflected from the cornea is @%
divergent, whereas the beam reflected from the retina leaves M N2

1
(horizontal and

vertical deflection) H

D

the eye approximately parallel. The wavefront mismatch re-
duces the size of the interference fringes, the intensity of the
interfering light at the detector, and the SNR compared with a
system in which two parallel beams are superimposed. This Fig. 1 Schematic drawing of the OLCR device. See text for explana-
drawback may be overcome with the application of diffractive tions and abbreviations.
optics that allows focusing a part of the incident beam on the
cornea while transmitting the other part in paratfet®
In order to use the advantage of a strong reference power The reference beam is directed to a glass cube with a side
Pk for measuring eye length, | developed a single-beam op- length of 30 mm. The beam is refracted at the cube’s surface,
tical low-coherence reflectomet@dLCR) device using an ex-  twice reflected at inside surfaces, refracted out of the cube,
ternal reference mirrdf Although the scanning distance is and directed to mirroM,. Following the reflection aM, it
only about 10 mm, the instrument allows quasi-simultaneous is returned on the same path and recombined at the BSC with
interference signals to be received from both corneal and reti- the sample beam reflected from the eye. The glass cube is
nal surfaces and thus to precisely measure eye length. This igotated at a constant frequency of 3.2 Hz, changing the optical
achieved with a detour unit that splits the sample beam in two path of the reference beam through the cube and thus the
subbeams and recombines them after adding an optical path t@verall optical length of the reference p&th?? Only at the
one of the subbeams so that a portion of the light reflected angular cube position where the optical length of the refer-
from retinal surfaces crosses approximately the same overall€nce path matches the optical length of the sample path re-
optical path length as the light reflected from the cornea. flected from one of the ocular surfaces to within the coherence
I have further developed and improved the OLCR device length of the SLD do the reference and sample parts overlap
by modifying the data analysis algorithm and adding a lateral in time at the BSC and create interference fringes. Liens
deflection mechanism that allows assessing on-axis eye lengtimages these fringes onto an avalanche photodi@dD)
and peripheral eye lengtfieye shape’) up to an angle of that measures the light intensity during the cube rotation.
+15 deg, not only along the horizontal, but also along the Each surface of the cube provides one longitudinal scan.
vertical meridian. In this article, the improved OLCR device Thus, a cube rotation frequency of 3.2 Hz results3i@x 4
is described and its technique is validated by comparing axial = 12.8longitudinal scans per second. The corresponding lon-
eye length measured with OLCR device in a group of ten gitudinal scanning speed is approximately 420 mm/s, de-
adult eyes with axial eye length measured with A-scan ultra- pending on the orientation of the cube. The scanning speed
sound in the same eyes, by evaluating the precision in mea-causes a Doppler shifiv of the frequency of the reference
suring axial length in an adult and in children 7 to 12 years of light by an amount corresponding thv=2V/\~1 MHz,
age, and by analyzing the reproducibility of measuring eye and one can isolate the interference signal from the total pho-
length and shape in an artificial eye and in an adult eye. todetected light with an electronic bandpass filter. The filtered
signal is root mean squargdRMS), amplified (AMP), and
recorded by a computer as a function of the angular cube

2 Description of the OLCR device position. A light-emitting diod€LED), aligned coaxially with
Figure 1 is a schematic drawing of the OLCR device. The the SLD, is observed through a pellicle beam spli{leBS,)
parallel beam (diameter=3 mm) of a near-infrared (A and lend.,. The LED emits light at the visible wavelength of

=845 nn) super-luminescent diodéLD) with a coherence 590 nm and is employed as a fixation target. Normal inci-
length of approximately 2%um is split into a sample beam  dence on the cornea is established by observing the reference

and a reference beam by a beamsplitter cB8C). The and corneal reflections with pellicle beam splitRBS,, lens
sample beam is transmitted through a detour (Di; for a L,, and a CCD video camera, and shifting the eye laterally
description see later discussjora lens systeni; and L,, until the two reflections superimpose.

deflected by a mirroM; and delivered to the eye. Mirrd, In order to measure eye length, the OLCR reference beam

deflects the beam horizontally and vertically at normal inci- must be scanned over a distance that encompasses the corneal
dence on the cornea for off-axis measurements. The incidentand retinal areas, that is, at least 33 to 34 mm of optical length
beam is partially reflected at corneal and retinal surfaces andin the average adult eye. This required scanning distance and
returns to the BSC along the same path as the incident beamthus the required scanning time, can be reduced considerably
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with a detour unit(DU; international patenf® Unlike the 10 |

configuration described by Podoleanu et“aln which the

reference beam is split into two subbeams that are reflected 8 1

from two reference mirrors mounted at different depths on the EL*
same translation stage, the DU splits the sample beam into s 6

two separate beams using the polarizing beamsplitter cube %‘ AC PR
PBSG . The deflected, s-polarized beam is reflected at mir- H PC
rorsM; andM,, and recombined coaxially with the transmit- E 4 AR
ted, p-polarized beam at the polarizing beamsplitter cube

PBSG before the delivery to the eye. When the optical path 2 MWMM}
differenceD between the s- and p-polarized beams within the

DU matches approximately the optical length of the eye, the 0

2000 4000 6000 8000 10000

portion of s-polarized light reflected from the cornea and the
distance {(um)

portion of p-polarized light reflected from the retina cross
approximately the same overall optical path. As a result, the Fig. 2 Interference signal from the eye of an adult subject. The peaks
interference peaks corresponding to reflections from corneal correspond to reflections from the anterior and posterior cornea (AC,
and retinal surfaces are approximately superimposed. PC) and anterior and posterior retina (AR, PR). Eye length (EL) is de-

Mirrors Mz and M, are mounted on a manual translation fined as the axial distz?nce from AC to PR. An optical path compensa-
stage, which allows the adjustmentfwith a Vernier screw. tor reduce§ the scanning distance from AC to PR to a few millimeters

. . L (U.S. and international patent).

In order to facilitate the distinction—and determination of
distance—between corneal and retinal interference pdaks,
was adjusted so that their separation measured about 2 mmin An eye length measurement consists of seven consecutive
a normal eye. The Vernier screw was calibrated with respect scans that are averaged. Data acquisition, visual representa-
to D using a glass plate of known thickness and refractive tion, analysis, and storage are achieved with National Instru-
index. In addition to reducing the scanning distance, the DU ments LabVIEW software(National Instruments, Austin,
has the following advantage: lehg permits one to focus the = Texas. For off-axis measurements, the sample beam is devi-
s-polarized beam on the cornea, which allows the wavefront ated horizontally and vertically by mirrdvl; while the sub-
of the beam reflected from the cornea to be matched with thatject fixates on the stationary LED. The angular precision in
of the reference beam. This eliminates the need to apply dif- position of the sample beam at off-axis locations is approxi-
fractive opticst’*®Because the reflection from the ocular sur- mately +0.6 deg.
faces approximately maintains the orientation of polarization  After the reflection from mirroM,, the beam is transmit-
of the incident light, the s- and p-polarized light reflected ted through lend.,, which images the mirror plane onto the
from the cornea and retina, respectively, return through the approximate location of the corneal center of curvature so that
DU on their respective paths with little loss. The orientation the sample beam falls about perpendicularly onto the cornea
of polarization of the reference beam is adjusted with a half- regardless of the deviation angle. The maximum deviation
wave plate(\/2) at an oblique angle to allow for partial inter- ~angle in the eye, limited by the aperture size of l&ns is
ference with both s- and p-polarized lighitA neutral density ~ +15 deg. To ensure that the sample beam remains parallel at
filter (ND; transmissionT = 25%) attenuates the intensity of  the eye, lend ; is placed before mirroM, so that it forms a
the reference beam in order to maximize the SNR of the in- telescope system with lens, .
terference signaf

Figure 2 shows an interference signal from the eye of an 3 Conversion of Optical Length to Geometrical
adult subject. The-axis indicates the angular cube position Length

converted to optical scanning distanémicrometers The Optical eye length as measured with OLCR is converted to
y-axis indicates the intensity of the interference fringests) geometrical eye length by dividing the optical distance of
as measured by the APD. As the glass cube rotates, the OL-gach ocular componentornea, anterior chamber, lens, vitre-
CRM consecutively matches the optical distance of the refer- gus chambéralong the measurement axis by the correspond-
ence beam and the sample beam reflected from various coring refractive index. Within the lens, an integration algorithm
neal and retinal surfaces, each time generating interferenceincorporming the gradient index profifeneeds to be applied.
fringes. Therefore the resulting interference signal generally However, neither the individual distances of each component
consists of several peaks. The two highest peaks corresponchor their refractive indices at the wavelength of 845 nm are
to reflections from the anterior surface of the cor(e&) and known in an individual eye. As an approximation, the optical
posterior surface of the retin®R). Note that AC and PR are  properties of Gullstrand’s schematic eye and the dispersion of
separated by only about 2 mm. Their separation was definedwater are used to convert optical eye length to geometrical
as reduced eye lengifEL*). Eye length(EL) is thereafter ~ eye length as described by Hitzenberger for a wavelength of
obtained by adding the path differenBewithin the DU to 780 nm*? The conversion is based on the assumption that a
EL*. Amplitudes vary between individual readings owing to difference in eye length between Gullstrand’s schematic eye
eye motion and changes in the tear film. With high-amplitude and a measured eye is due to a difference in the vitreous
interference signals, additional peaks are sometimes observedgavity length. Thus, in order to obtain the geometrical length
corresponding to reflections from the posterior corn@al) of a measured ey€ELggo) at a wavelength of 845 nm, the
and anterior retinalAR) surfaces. difference between the optical lengths of the measured eye
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(ELopy) and Gullstrand’s ey€ELg op=32.480 mm is di- 10 .
vided by the refractive index of the human vitreo{rs, a AC single scan
=1.3430 and added to the geometrical length of Gullstrand’s - 8
eye (ELg geo=24 mm): ?S 6
[7]
ELoprELg,opr § 4 AR PR
E LGEO:n—’ + ELG,GEO £
VIT 2 ’
ELOPT_ 32480 mm
1.3430 24 mm. (2) ° 4000 6000 8000 10000 12000
distance (um)
4 Number of Scans per Measurement 10
As a standard, an eye length measurement consists of seven b AC averaged scan
consecutive scans obtained in less than 1 s. Because of eye 8 (n=7)
movements, poor fixation, or degraded corneal tear film, the s
number of scans in which both the corneal and retinal signals 2 6 PR
are detected and hence eye length can be determined, varies g 4
among subjects. On average, for subjects with good fixation, € AR
normal eye movements, and intact tear film, about four to five 2
scans per measurement yield useful interference signals that
allow the determination of eye length with a standard devia- 04
tion of approximately 15:m. For other subjects, fewer useful 0 2000 4000 6000 8000
scans per measurement may be obtained and the standard de- distance (um)

viation may be higher. If fewer than four scans are obtained

that d|Sp|ay both the corneal and the retinal reflection as de- Fig. 3 In an individual scan (a), the Signal from the anterior retina (AR)
termined by visual inspection of the seven interference signals My be higher than that from the posterior retina (PR). If that occurs,
after a measurement, the measurerment is repdatedan- & UER T SOREREY Beries B R B e
other seven scans are obtaipenhtil a total of at least four signal peak, eye length determined in the individual scans is con-
useful interference signals have been identified. firmed by eye length determined in the averaged scan (b).

5 Analysis of the Interference Signal

Peak locations—and hence eye length—are determined objec
tively using a computer algorithm. The algorithm first locates

the leftmost interference signal corresponding to the reflection
from the anterior corneal surface, and thereafter the h'gheStconstant time intervals using the pulses from an optical en-

interference signal to the right corresponding, in most scans, coder attached to the motor of the cube, the scanning distance

to the reflection from the posterior retinal surface. The sepa- between consecutive pulses starts with A and ends with
ration between the two peaks is added to the kn_own optical 1.0 um over the scanning range. As a result, the interference
path of the DU to obtain eye length. Because the interference

signal from the anterior retinal surface exceeds that from the
posterior retinal surface in rare instan¢sse Fig. 83)], each
scan is visually inspected before eye length is determined and

'scanning range from 10 to 45 deg of angular cube orientation,
the scanning distance increases faster in the beginning than in
the end(Fig. 4. When the interference signal is sampled at

averaged with the algorithm. It can also occur in an individual = 20
scan that only the signal peak from AR, but not from PR, is 13
detected. In that case, the operator could misinterpret the sig- g 151
nal peak, and the algorithm could measure eye length to the s
wrong retinal surface. To overcome this difficulty and to con- A 10
firm the result of an eye length measurement, the individual =g
scans within a measurement are averaged through alignment € 5|
of the anterior corneal sign@Fig. 3b)], and the eye length (,3;
determined in the averaged scan is compared with that deter- 0|

mined with the individual scans as a standard procedure of the — T
data analysis. 0 5 10 15 20 25 30 35 40 45
Scanning Angle (°)

6 Nonlinearity of Scan Fig. 4 The relation between the scanning distance and the angular

The rotating glass cube provides fast longitudinal scans with aorientation of the cube is not linear (solid line). When the cube rotates

. ! . . - with a constant frequency, the scanning distance increases faster in
high repetition rate. Howevc_erl un_“ke a mirror moving Qt & the beginning than in the end of the angular scanning range. For
constant speed, the scanning distance changes non“nearl)éomparison, a linear increase with matching starting and end points is

with a glass cube rotating at a constant frequency. Within a indicated with a dashed line.
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signal is distorted with respect to tleaxis, and the measured

eye length depends on the location of the interference peaks 284

within the scanning range. € artificial eye

To correct the nonlinearity of the scan, | developed an E 26 p=0.89 (one-factor ANOVA)
algorithm that first determines the location of the leftmost £
major intensity peaks within the interference signal corre- S

. . . =224
sponding to the reflection from the anterior cornea and calcu- o
lates a linearization factor based on the location of that peak e
within the scanning range. Eye length as determined from the 22.2 ﬂ ﬂ ﬂ ﬂ ﬂ
1 2 3 4 5

distorted interference signal is thereafter multiplied by the lin-
earization factor. An artificial eye was positioned at three dif-
ferent longitudinal distances from the OLCR device so that measurement #
the interference peaks were located at the beginning, the 244 b
middle, and the end of the scanning range, and seven consecu-
tive scans were obtained at each position. Without the linear-

ization factor, eye length measured at the beginning and end

of the scanning range differs by 256n; with the lineariza- 0
tion factors, the difference is reduced to gin. This small
but significant differencg p=0.001, one-factor analysis of |
variance, ANOVA does not influence the accuracy of the in- ’
strument in a major way, because as a standard when eye
1 2 3 4 5

242 adult eye
' p=0.14 (one-factor ANOVA)

eye length (mm)
N
N
o

N
w
o]

N
S*’
o

length is measured, the eye is positioned so that the interfer-
ence peaks are located in approximately the middle of the
scanning range. measurement #

Fig. 5 The reproducibility of OLCR for measuring eye length in an

. artificial eye (a) and an adult eye (b). Eye length was measured five
7 Laser Safety AnaIyS|s times, eaCK tiin)e removing the e{le Ergm tyhe Chign rest. The graph illus-
The OLCR device measurement beam has a wavelength oftrates the averages and the standard deviations of the five measure-
845 nm, a diameter of 1.5 mm, and a power of 200 at the ments. Both in the artificial and the adult eye, eye length was mea-
cornea. According to Table 5a of the ANSI stand&rdhe sured consi'stently thf-:‘.sz?me, albeit the variation in the adult eye was

: e : . . larger than in the artificial eye.

maximum permissible irradiance at the cornea—or maximum
permissible exposur@dMPE)—in the wavelength range 700 to
1050 nm for viewing periods from 10 88x 10* s (i.e., sus-
tained viewing is found by the relationship:MPE
= 10X(0845°0.700 5 1073 W/cn?=1.95< 10 * W/cn?.  As-
suming that the limiting aperture is the dilated pupil with a
diameter (d) of 7 mm (Table 8% with an area ofA
= (d/2)%r, the irradiancéE) of the OLCR beam is calculated 9 Comparison of Axial Length Measurements

mated with a one-factor ANOVA. The average standard de-
viation of the five measurements was At and 25um in the
artificial and adult eye, respectively.

as by OLCR and A-scan Ultrasound in the
Same Eyes
E=powerA=2x10"% W/(0.7/2m cm? Eye length was measured in one eye each of ten adult subjects
=519x 104 W/cne. 3) both with OLCR and A-scan ultrasound. The A-scan ultra-
sound device displayed the result of a measurement in milli-
Comparing the irradianc& with the calculatedVIPE gives meters with a one-digit precision, and eye length was mea-

MPE/E=3.75,a nearly four times safety factor. This analy- sured until a reading repeated itself. Eye lengths measured
sis shows that the OLCR laser power is safe according to thewjth OLCR and A-scan ultrasound correlated weit2

ANSI 7136.1-2000 standard for direct sustained viewing =0.98, p<10~7; Fig. 6), indicating that the two methods

within the beant’ yielded, on average, the same results. The average difference
of 40 um between the optical and acoustic method was not
o ere significant (Student’s paired-tesy. The precision of OLCR

8 ReprOduF'P'l'ty of Eye Length Measurement (S.D=15um), however, is at least six times higher than that
The reproducibility of eye length measured with OLCR was of A-scan ultrasoundS.D>100 um).

assessed in an artificial eye and in the eye of a young adult

subject by measuring eye length five consecutive times. The .. .

sample beam was used as a fixation target. Between the mea]O. Precision in Adults versus Precision in

surements, the artificial eye and the head of the subject wereChildren

removed from the chin rest. Both in the artificial ey€ig. The precision of OLCR in measuring eye length largely de-
5(a)] and the eye of a young voluntefFig. 5b)], OLCR pends on the capability and cooperation of the subject in fix-
consistently measured the same eye length. The differencesating on a target. In children, the fixation quality—and hence
between the five measurements were not significgmt the measurement precision—most likely differs from that in
=0.89in the artificial eye p=0.14in the adult eygas esti- adult subjects. To evaluate the precision in children, axial eye
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26
o r*=0.98, p<10~’ o
£
> 24
9
o 23 .
>
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© 20 %
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eye length by A-scan US (mm)

Fig. 6 Eye length measured with A-scan ultrasound and OLCR in the
same adult eyes. While OLCR and A-scan ultrasound yield, on aver-
age, the same results, the precision of OLCR is at least six times higher
than that of A-scan ultrasound.

length was measured with OLCR in 63 children aged 7 to 15
years, and the average standard deviation of multiple readings
within a measurement was determined and compared with
that obtained in 24 adults aged 22 to 45 years. The mean
standard deviation in children wa25*+16um (mean
+S.D), which is significantly greater than the mean standard
deviation of 18+9 um in adults (p=0.031, unpaired Stu-
dent’st-tesy. Dividing the children into three age grou@sto

9 years, 10 to 12 years, and 13 to 15 yearsd analyzing the
differences among the groups with a one-factor ANOVA dem-
onstrated that the precision did not depend on the age of the
children.

11 Reproducibility of Eye Shape Measurement

The reprodumb'lllty of eye .Shape meas.uremem with OLCR Fig. 7 Eye shape, determined by measuring eye length with OLCR at
was asse_ssed In-an art_IfICIaI eye and in the eye of a y(_)ungthe center (C) and at 15 deg temporally (T), nasally (N), inferiorly (I),
adult subject by measuring eye length three consecutive timesand superiorly (S) in an artificial eye (a) and an adult eye (b). The
along the visual axis and at 15 deg nasally, temporally, infe- shapes in the artificial and adult eye differ considerably.

riorly, and superiorly. Between the measurements, the artifi-
cial eye and the head of the subject were removed from the
chin rest. In both the artificial and the real eye, eye length
differed significantly among the three measurements at sev-
eral of the assessed locatio(fSg. 7) by a maximum of 65
pm in the artificial eye and 8Gum in the adult eye. The

and noncontact measurement of eye length on-axis and off-
axis. It is especially valuable for relative eye length measure-
ments, i.e., for monitoring eye length measured in the same
; d . . eye at different times or for determining eye shape by com-
differences are most likely due to£0.6-deg error in reposi- A paring off-axis with on-axis measurements. The on-axis pre-

tioning the sample beam n thg eye, resulting in eye lengt cision in a subject with good fixation is approximately L&
measurements along slightly different axes. These measure-

S e as estimated from the standard deviation of consecutive scans
ment; . .that the shape of the ?”'“C'a' eye a}nd b adUItWithin a measurement and the variation between consecutive
eye differ considerably. Compared with the artificial eye, the measurements. In children, the precision is lower than in
adult eye measured for this plgmonstranon showed a ﬂatteradults, presumably because of poorer fixation, but it is still at
shape along _the vertlcal_ r_nerldlan and an asymmetric Sha“-’eleast three times higher than that with clinical A-scan ultra-
along the horizontal meridian. sound.

. . An earlier study using LDI reported that eye length mea-
12 Discussion sured optically was an average of 4Zfn greater than eye
When Eq.(3) is used to convert optical eye length to geo- length measured acousticalfyThe difference was attributed
metrical eye length, OLCR measurements correlate well with to the exclusion of retinal thickness and indentation of the
A-scan ultrasound measurements in the same eyes. If the opcornea by the probe in ultrasound measurements. | did not
tical distances of the individual components in the anterior find a significant difference in OLCR and ultrasound eye
segment or the refractive indices in a measured eye differ length, which is most likely due to an overestimate of the
from those in Gullstrand’s eye, an error may be induced dur- refractive index of the ocular media when optical distance
ing the conversion. Such an error may affect the accuracy of was converted to geometrical distance. The precision in mea-
the technique, but not its precision. OLCR permits the precise suring off-axis eye length after repositioning the sample beam
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is approximately 8Qum, which is most likely due to angular 2.
repositioning errors of up to-0.6 deg at off-axis locations.

Eye shapes measured in an artificial and an adult eye differed ™
considerably. The adult eye displayed a flatter and more
asymmetric shape than the artificial eye. The asymmetry ob- 4.
served in the adult eye may reflect an irregular topography in
the area of the optic nerve head.

OLCR allows eye length and shape to be measured with a
higher precision than other techniques that have been used to 6.
assess human eye shaipevivo, such as X-ray® magnetic
resonance imaging(MRI),?° and computed tomography
(CT).%° Compared with LDI and its commercially available
version, the IOLMastefCarl Zeiss, Inc., Thornwood, New
York), the OLCR device scans at a higher repetition rate, 8
which permits the measurement of eye length using seven
scans in about 0.6 s. In direct comparison with the IOLMaster,
the OLCR device emits at a longer waveleng®80 versus 9.
780 nm, which causes less light scattering in the ocular me-
dia, resulting in a greater penetration depth. It also has a,

Axial and peripheral eye length . . .
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ocular shape,’Optom. Vision Sci79(7), 424—430(2002.
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Cataract Refractive Surdl6(2), 235-242(1990.
S. F. Byrne and R. L. Green RUltrasound of the Eye and Orbit
Chap. 6, pp. 215, Mosby Year Book, St. Loi992.

7. M. R. Hee, J. A. Izatt, E. A. Swanson, D. Huang, J. S. Schuman, C.

P. Lin, C. A. Puliafito, and J. G. Fujimoto, “Optical coherence to-
mography of the human retina&rch. Ophthalmol. (Chicaga133),
325-332(1995.

D. Huang, E. A. Swanson, C. P. Lin, J. S. Schuman, W. G. Stinson,
W. Chang, M. R. Hee, T. Flotte, K. Gregory, C. A. Puliafito, and J. G.
Fujimoto, “Optical coherence tomography,Science 2545035,
1178-1181(1991).

A. F. Fercher, K. Mengedoth, and W. Werner, “Eye length measure-
ment by interferometry with partially coherent lightOpt. Lett.13,
186-188(1988.

10. A. F. Fercher, C. K. Hitzenberger, and M. Juchem, “Measurement of

shorter coherence lengfB0 um versus 12Qum), which per-

mits measurement of eye length and discrimination of reflect-
ing layers within the retina at a higher resolution. Unlike the 11-
IOLMaster, the OLCR device does not display artifactual in-
tensity peaks that are caused by the symmetric coherence
function of the IOLMaster's multimode laser diode. Such 12.
peaks are sometimes observed at equal distances to the left
and right of an actual signal peak and may be confused with
signal peaks corresponding to reflections from nearby retinal
layers. Finally, the OLCR light has a lower power of 200/

at the cornea, compared with approximately 4008/ of the
IOLMaster. The lower power allows measurements over a
longer time period and more consecutive scans, which makes
OLCR more suitable for serial measurements of eye length,
especially in patients with poor fixation or in children. The
capability of the OLCR device to adjust the sample beam’s
angle of incidence for off-axis measurements while the sub-

ject maintains central fixation avoids the potential danger of 16.

confounding eye deformations caused by peripheral gare.
several studies, eye shape was estimated indirectly through17
the measurement of peripheral refraction using on- and off-
axis fixation target$:*33?These indirect measurements are
much more influenced by the anterior segment optics, such as

astigmatism and aberrations, than those of OLCR, and sub-18

stantial calculation is required for the estimation of eye
shape®®

In conclusion, the high precision and the advantages of 19.

OLCR compared with other techniques make it a promising

tool for studies on posterior segment dimensions and the role 5,

of eye shape in refractive development in children.
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